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1 Intr oduction

The MAD-X (MethodicalAcceleratorDesign)programis a generalpurposeacceleratorand lattice
designprogram. The main aim of this note is to allow the beginner to understandthe main building
blocksof MAD-X andto setupanduseabasicmachine.Themostimportantfeaturesaredescribedand
discussed.Detailsandmoreadvancedoptionsmustbeleft to theMAD-X referencemanual[1, 2].

This noteis a writeupof a presentationgivenat a courseon opticsdesignat theCERNaccelerator
school[3].

Themainobjectivesof anacceleratordesignprogramare:
� Readtheelementsandtheir sequencefrom afile.
� Calculatetheopticsparametersfrom amachinedescription.
� Defineandcompute(match)thedesiredpropertiesof suchamachine.
� Simulateandcorrectpossiblemachineimperfections.
� Simulatethebeamdynamicsin thedesignedmachine.

Both,circularandlinearaccelerators(or beamlines)arenormallyhandledby suchprograms.

1.1 What is neededasinput to designan acceleratorlattice ?

Thedesignof amachinerequiresthedefinitionof themachineandthebasicingredientsare:
� Definitionof thepropertiesof all machineelements.
� Strengthof all activemachineelements.
� Positionof all machineelementsin themachine,i.e. theorderin which they appearin theacceler-

atoror beamline.

Thesedefinitionsarehelpedby awell adaptedanddefinedinput language.

2 MAD-X language

For thedefinitionof a machineandtheexecutionof actions,aninput languageis usedfollowing a well
definedsyntaxandgrammar.

2.1 Coordinate system

A circularor linearmachinein MAD-X is asequenceof elementsplacedalongthereferenceorbit which
is definedas the path throughthe ideal magnetsof a chargedparticlewith the referencemomentum
(Fig. 1). Thisdefinesthecoordinatesystem(x, y, s) wherex is thetransversecoordinatein thebending
plane(usuallyhorizontal,positive valuesto theoutside)andy is theorthogonaltransversecoordinate
(usuallyvertical,positivevaluesupward).Thelocal variables is thetangentto thereferenceorbit. The
coordinatesystemis thereforea local systemmoving alongthereferencepath.

2.2 Conventions

Units:
For all computationsMAD-X usesSI units,i.e. in particularmetreandradianfor lengthandangle.

Input:
TheMAD-X input consistsof a sequenceof statements(commands,actions,or declarationsetc.). All
statementsarefreeformatwith ”,” asseparators,canoccupy any numberof linesandareterminatedby
asemicolon”;”.
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Figure1: Local coordinatesystemasusedbyMAD-X.

Blank lines have no effect. All statementsarenot casesensitive with the exceptionof stringsen-
closedin ” ”.
Commandsor statementscanbegivena labelwhichallows themto beusedor re-usedlateron:
LAB01: �����������
	���
 ;

Comments:
A singleline (not astatementacrossseverallines!) canbecommentedby ”!” or ”//”. A regionof lines
canbecommentedby enclosingthembetween”/*” and”*/”.

2.3 Variables and expressions

Parameter values:
Integeror floatingpoint numberscanbeassignedto namedparametersandcanbeusedin furtherdec-
larationsor commands,e.g.:
LENDIP = 8.0;
Variousnames(keywordsusedby MAD-X) areprotectedandcannotbeusedasvariablesor labels.
Thenumericalvalueof anassignmentcanbereplacedby anexpression,e.g.:
LNFX = 6912.00/(NCELL*(4*LBEND+ 2*LQUAD));

Expressions:
Parametersandvariablescanbeusedin expressions,in particularto definedependentquantities.Stan-
dardarithmeticoperationsandfunctionssuchasSQRT(), EXP(), trigonometricfunctionsetc. canbe
usedin theexpressionsaswell asrandomnumbergenerators[1, 2].
E.g.: ANGLE = 2.0*PI/NBEND;
cancomputethe bendingangleof a dipole,given the total numberof bendingmagnets(��������
 ). The
constant��� is predefinedin MAD-X, togetherwith many otherimportantconstantsandparticleprop-
erties.
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Deferred expressions:
Theusualexpressionsareevaluatedoncewhentheparameteris used,
e.g.DX = GAUSS()*0.001;
assignsa randomnumberfollowing aGaussiandistributionwith awidth of 1 mm to theparameterDX.
Thisvalueis keptin all computations.
A 
�������������
 expressionis declaredby ”:=” insteadof ”=” andis evaluatedevery time theparameteris
used,e.g.:
DX := GAUSS()*001;
assignsa 
��������������� randomnumbereverytimetheparameterDX is usedin theprogram

Thedistinctionbetweennormalanddeferredexpressionsbecomesimportantfor errorassignment
andmatching.

3 Machine description

3.1 Thick and thin elements

For thecalculations,theelementscanbedefinedeitherasso-calledthick lenseswith a finite lengthor
asso-calledthin lenseswith zerolength. In thelattercase,theeffectsof anelement(e.g.a magnet)on
thebeamarerepresentedasimpulses(kicks) at a fixedvalue ! on the referenceorbit. This simplifies
the treatmentsinceit allows to treatthemachineasa seriesof linear transformationsseparatedby the
”kicks” at thepositionsof the thin elements.This methodis very fastandsymplecticby construction
andit is thereforebestsuitedfor particletracking.

Thedisadvantageis the lossof precisionwhenthemagnetsarevery long (comparedto thesizeof
themachine)or whenfringefieldsareimportant.Partof thisprecisioncanberecoveredby sub-dividing
themagnetsinto !#"$�%����! , i.e shortersections,eachrepresentinga thin lens.

3.2 Elementdefinition

Elementsaredefinedusingtheconceptof elementclasses.All quadrupolesin a machinebelongto the
classQUADRUPOLE.Wecandefinesubclasseswith differentpropertieswith statementslike:

MQL: QUADRUPOLE,L=5.0;
MQS: QUADRUPOLE,L=1.5;

wherewe definetwo classes(MQL and MQS) of quadrupolesof different length (thick elements).
Thedefinitionscanbeusedto definetherealquadrupoleslikee.g.:

QFL01: MQL; // Focusingquadrupoles
QFS01:MQS;
QDL01: MQL; // Defocusingquadrupoles
QDS01:MQS;

Thequadrupolesdefinedlike this inherit all propertiesof theclassunlessthey arespecifiedexplicitly,
in whichcasethey areoverwritten.All numericalattributesin aclassdefinitioncanbeexpressions.

Dipolemagnetscanbedefinedasrectangular(RBEND)or sector(SBEND)bendingmagnets.E.g.:

MBL: RBEND,L=14.3;
MBS: RBEND,L=5.0;
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Thelengthof a rectangularbendingmagnetis by default thearclength.All detailson thedefinitionof
bendingmagnetsarefoundin thereferencemanual[1, 2].

3.3 Elementstrength definition

3.3.1 Dipoles

Thestrengthof abendingmagnetis specifiedby thebendingangleor alternatively thedipolecoefficient&('
:&�'*) +,.- �

/10 2 �3� 465 ) +7 ) 	��98�":�
"

2 �;� ��	�
 - �<5
In thelattercase,afinite lengthmustbespecified.
Thedefinitionfor adipolemagnetis:

MB001: RBEND,L=14.3,ANGLE=2*PI/1132; // Totalnumberof dipolesis 1132

or, alternatively:

MB001: MBL, ANGLE=2*PI/1132; // Totalnumberof dipolesis 1132

usingthedefinedsub-class.

3.3.2 Quadrupoles

Wedefineaquadrupoleby its quadrupolecoefficient
&>=

:
which is definedas:&>=?) +,.- �

@ /A0
@�B 2 �;� 4 - �C5 ) +

"�DE�
Wedefinequadrupolesas:

QF007:QUADRUPOLE,L=5.0,K1 = +0.00147235;
QD007:QUADRUPOLE,L=5.0,K1 = -0.00147235;

or usingsub-classes:

QF007:QFL, K1 = +0.00147235;
QD007:QDL, K1 = -0.00147235;

3.3.3 Sextupoles

Higherordermultipolessuchassextupoleswecandefineas:

SF007:SEXTUPOLE,L=1.4,K2 = +0.00147235;

with:&�F*) +,.- �
@ F /10
@ F B �;� 4 - �

F
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3.3.4 Orbit correctors

Orbit correctiondipolesareidentifiedby thekeywordKICKER. Thestrengthof anorbit correctoris the
deflectionangle(KICK) measuredin rad.Valid definitionsare:

LKICK = 0.1;
MCV01: VKICKER, L=0.1,KICK:=KCV01;
MCV02: VKICKER, L=LKICK, KICK:=KCV02;
MCH01: HKICKER, L=LKICK, KICK:=KCH01;
MC001: KICKER, L=0.1,VKICK:=KXV001, HKICK:=KXH001;

The classVKICKER or HKICKER refer to orbit correctorsfor the vertical andhorizontalplanesre-
spectively. Theattribute GH��I�G refersto thecorrespondingplaneonly. ThesingleclassKICKER can
beusedto specifyorbit correctorsfor bothplanes.In thatcase,two attributes JKGH��I�G and LMGH�>I�G
areneededto separatethefunctionsin thetwo planes.

In the above example,the correctorsandtheir strengthsaregiven individual nameswhich allows
to set them explicitly to independentvalues. For the standardorbit correctionwith MAD-X this is
howevernotalwaysnecessary. Thedeclarationsof thekicksasdeferredexpressionsallowsthekicks to
bechangedexplicitly or by theprogram.

3.4 Multipoles

A specialclassof elementsis definedwith thekeyword MULTIPOLE. Thesearegeneralelementsof
zerolength(thin lenses)andcanbeusedwith oneor morecomponentsof any order. All thin elements
canbewrittenasmultipolesin theform:

MPM: MULTIPOLE;
MPLE01: MPM, LRAD=0.0,TILT=angle,
KNL= N kO ' L, kO = L, kO F L, kO�P L,....Q ,
KSL= N kR ' L, kR = L, kR F L, kR3P L,....Q ;
The componentsKNL andKSL arethe normalandskew componentsof the multipole multiplied by
therelevantmagneticlength.Notethatthestrengthdefinitionsarepositiondependent,thereforeleading
zeroesmustbefilled for componentsthatdo not exist. TheattributeLRAD is a fictitious length,which
is only usedto computesynchrotronradiationeffects. For thecomputationof lattice functionsetc., it
canbesetto somedummyvalue.

Usingmultipoles,a thin quadrupolecanbedefinedas:

QFT: MPM, LRAD=0, KNL= N 0, kO = L, 0, 0 Q ;
Thethin lensversionof adipolewouldbewrittenas:

MBT: MPM, LRAD=0, KNL= N kO ' L, 0, 0, 0 Q ;

3.5 Mark ers

TheelementclassSUTWVXGHYZV is usedto insertaninactiveelementat a position ! for lateruse,e.g.as
a reference.Thesyntaxis:

START IP: MARKER, AT = 1839.872;
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If presentin asequence,thelatticefunctionsarecalculatedat theirpositionsandthey playanimportant
role for matching.

A completelist of keywordsandpre-definedelementclassesis foundin thereferencemanual[1, 2].
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3.6 Elementposition in a SEQUENCE

Therepresentationof themachineis calleda !#��[�\]������� . It definestheorderin which theelementsap-
pearin theacceleratoror beamline. In asimplecase,asequencecanbedefinedlike:

seqname:SEQUENCE,REFER=CENTRE,LENGTH=6912.00;
...
...
MQF05: MQL, AT = 256.0000;
BPMH05: MONITOR,AT = 1.75,FROM=MQF05;
MCH05 : HKICKER, AT = 2.10,FROM=MQF05;
MBL05.002:MBL, AT = 265.9000;
MBL05.002:MBL, AT = 278.1000;
MQD05 : MQL, AT = 288.0000;
BPMV05 : MONITOR,AT = 1.75,FROM=MQD05;
MCV05 : VKICKER, AT = 2.10,FROM=MQD05;
MBL05.003:MBL, AT = 297.9000;
MBL05.004:MBL, AT = 310.1000;
...
...
ENDSEQUENCE;

The keywordsSEQUENCE andENDSEQUENCE definethe beginning andendof the definition
andthesequenceis assignedaname!#��[ ��	��
� .

The statementslook familiar and the additionalattribute T^4 definesthe position relative to the
beginningof thesequence.A positionrelative to anexisting elementcanbeassignedwith the _MVX`MS
attribute. The total LENGTH of the sequenceis specifiedon the headerline of the sequence.The
positionscanbe definedat the CENTRE,ENTRY or EXIT of an element,indicatedby the REFER
attribute. The namesgiven to the elementsmust be unique,i.e. must not appeartwice in the same
sequence.

Severalsequenceswith differentnamescanbedefinedin thesamefile.
In theexampleabove we have assignedthepositionto namedelements.A secondpossibility is to

useclassnameslike in:
...
MBL: MBL, AT = 278.1000;
MQD: MQD, AT = 288.0000;
BPM: BPM, AT = 1.75,FROM=MQD05;
MCV: MCV, AT = 2.10,FROM=MQD05;
MBL: MBL, AT = 297.9000;
MBL: MBL, AT = 310.1000;
...
assumingBPM, MCV etc. have beendefinedasclassesbefore.In this caseall elementshave thesame
namewhich is thenameof theclassandthey cannotbedistinguishedby name.

Finally, apreviouslydefinedsequencecanbeinserted,allowing thepossibilityto nestsequences.In
theexample1 in theappendixI havedefinedacompletemachineusingthecommandsalreadydiscussed
upto now. Thedipolesaredefinedasthin elementswhereasthequadrupolesandsextupoleshaveafinite
length.
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3.7 Using repetitive definition for periodic machines

Thesequenceof aperiodicmachineor theperiodicpartof amachinecanbedefinedusingtheMAD-X
macrocommands.After the usualdefinition of the cell length ":�a��":" , the half lengthof a quadrupole
":[�\]	�
Eb andthenumberof cells ���a��":" , thewholemachinecanbedefinedwith a cedf�%":� -loop:

gihkj9l
m�n9o�p>qsr gutvg9w q�p�p�x j�yUz
{�|~}�{�|�� ����h r g9��j�y�� p w q�p�p�x9p {��9������l
p�� |~} p�� |�� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x �~�3��l
w n } w n � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� ��j9l����� } ����� � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� � � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W�:����l
{��~}�{���� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l
p�� �~} p�� ��� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x���� �:����l
w��~} w���� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W��j���l����� } ����� � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� j�� � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x � � ��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l
gihig x j9l�

Thetwo typesof sequencedefinitionsareentirelyequivalent.
A completedefinitionusingthis techniqueis givenin example2 in theappendix1.2. TheMAD-X

commandsandtheresultingoutputareidenticalto example1.

4 MAD-X commands

In additionto the statementswhich areusedto definea machine,theMAD-X commandsareusedto
defineandexecuteactionson the machines,e.g. calculationsof Twiss functions,I/O of the lattices,
particletrackingetc.An importantpartof thedesignprocedureis latticematching,i.e. to varyelement
parametersto make machineproperties(e.g. Twiss functions)assumingdefinedvaluesat specified
positions(e.g. interactionpointsetc.). A completedescriptionof all MAD-X commandsis found in
[1, 2]. HereI shall list themostimportantcommandswhich arenecessaryto do thebasiccalculations.

4.1 BEAM command

Someof theMAD-X actionsrequiretheknowledgeof thebeamproperties.They aredefinedwith the/ YMT�S command:

BEAM, PARTICLE=name,ENERGY=xxx,SEQUENCE=sname;

Thenameof theparticletypecanbegivenaswell astheparticle’senergy. Theproperties(e.g.massand
charge) of themostimportantparticlesareknown to MAD-X. Alternatively, themassandcharge can
bespecifiedwith MASS= andCHARGE= . WhentheSEQUENCEattributeis given,it will assignthe
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beamonly to this particularsequence,otherwiseto the 	��� ��3��� sequence.A completelist of all possible
beamquantitiesis foundin [1, 2].

4.2 Input definition

MAD-X statementsandcommandscanbegivenon thestandardinputor canbereadfrom afile with:

CALL,FILE=”filename”;

This file cancontainoneor moresequences,part of a sequenceor commandsand is insertedat the
positionof thecall.

After asequencehasbeenread,it canbeusedwith:

USE,PERIOD=sname;

Thiscommandwill expandthespecifiedsequence,insertthedrift spacesandmake it active.

4.3 MAD-X actions

MAD-X actionsareexecutedto performoperationson theavailablemachines.To calculatethe linear
latticefunctions(Twissparameters)aroundthemachine,theaction:

TWISS;

must be executed,which operateson the sequencedefinedin the last ����Y command. However, a
sequencecanbespecifiedexplicitly on theTwisscommand.A summarytableis givenafterexecution.

4.4 MAD-X output

The 4M� �>��� commandcanbemodifiedto specifythewantedoutput:

SELECT,FLAG=TWISS,COLUMN=NAME,S,MUX,BETX,MUY,BETY;
TWISS,FILE=”twiss.out”;

In the SELECT commandthe lattice functionswantedcan be specifiedbeforeTWISS is executed.
The full list of the lattice functionsis given in [1, 2]. The lattice functionsare written into the file
”twiss.out”.

TheSELECTcommandcanbeusedto restricttheoutputto only a ��	���89� or  �� , � of elements:

SELECT,FLAG=TWISS,RANGE=beg/end;
or: SELECT,FLAG=TWISS,PATTERN=”¡Q.*”;

The first will output the lattice functionsonly within the specifiedrangeand the secondwould re-
strict theoutputto all elementsstartingwith thespecifiedpatternin theelementname.The ��YZ¢�YMI~4
commandsactfor thedesiredaction(FLAG=) andcanbeaccumulatedor overwritten.

4.5 MAD-X graphical output

MAD-X hasanbuiltin graphicspackage.To plot latticefunctionsfor example,thecommandsequence:

SELECT,FLAG=TWISS;
TWISS,FILE=”twiss.beta”;
PLOT, HAXIS=S,VAXIS=BETX, BETY;
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maybeusedto plot thehorizontalandvertical £ -functionsasa functionof theposition ! . TheRANGE
attributecanbeusedwith thePLOT command.An outputfile anda PS-filearewritten simultaneously.
For detailsandall optionssee[1, 2].

4.6 MAD-X example

In the secondpart of example1 the necessaryMAD-X commandsaregiven to calculatedthe lattice
functionswith theTWISScommand,write themontoa file andplot themin postscriptformat. At the
eandof theexecutionof aTWISScommand,asummarytableis printed:

x�x�x>x�x�x �9� � p>q } � � ���
p>q g�¤�� n ¥�¦ � o ��� � p |�� ¤9� ��� ��� ¦

� � � j��>������� q�x � � ���~�:�����>������� q�x ��� j�� � ���>§���� �9q ��� � �~� ���>� � � j�� q�x �9j
{�j ��{�j � q ��¨ � ��¨ ��¨ � ��¨

�~� � ���>������� q�x �9j � � � � � � j�����§ q�x �9j j��:��§�� ����� j q�x ��� �~�:� � ���9j�j ��q�x ���
��¨ ¦ � � ¨�w ¥ � ��¨ ¨�w ¥�¦ � � {>�

j�� ��� � ��� §�� q�x ��� �~�:�����>������� q�x ��� �~�:�����>������� q�x ��� �~� ��� ��������� q�x �9j
��{�� � q ��© � ��¨ ��© � ��¨ ��© ¦ � �

� � � � � � � � § �9q�x �9j j��:��§ �>� § � � q�x ��� �~�:�����>������� q�x ��� �~�:���>��������� q�x ���
©�w ¥ � ��¨ ©�w ¥�¦ � � � q�p �9� �

�~�:�����>������� q�x ��� �~�:�����>������� q�x ��� �~�:�����>������� q�x ���
The main parametersof the lattice aresummarizedin this table,suchashorizontalandvertical tunes
(Q1,Q2),chromaticities(DQ1,DQ2),etc.

Thelatticefunctions£«ª andDª areplottedby theabovecommandsequenceasshown in Fig.2. The
functionsareplottedbetweenthe10thand16thquadrupoleof theclassQD asspecifiedin theRANGE
attribute.

As requested,thelatticefunctionsarewritten to afile ”twiss.out” andits formatis shown in thelast
partof appendix1. At thebeginningof this file thebasicparametersaresummarizedagain.
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Figure2: LatticefunctionscomputedandplottedbyMAD-X.

12



5 Matching with MAD-X

The adjustmentof machineproperties,i.e. matching,is a vital part of the designprocessanda detail
descriptionis beyondthescopeof this introduction.Howeversomevery basicfeatureswill bedemon-
stratedby someexamples.A basictutorialon somematchingtechniquesis foundin [4, 5].

5.1 Global matching

Someglobalmachineparameterssuchastuneor chromaticitycanbeadjustedby globalmatching.The
following two exampleareusedasademonstration:

MATCH, SEQUENCE=CASSPS;
VARY,NAME=KQF, STEP=0.00001;
VARY,NAME=KQD, STEP=0.00001;
GLOBAL,SEQUENCE=CASSPS,Q1=26.58;
GLOBAL,SEQUENCE=CASSPS,Q2=26.62;
LMDIF, CALLS=10,TOLERANCE=1.0E-21;
ENDMATCH;

MATCH, SEQUENCE=CASSPS;
VARY,NAME=KSF, STEP=0.00001;
VARY,NAME=KSD, STEP=0.00001;
GLOBAL,SEQUENCE=CASSPS,DQ1=0.0;
GLOBAL,SEQUENCE=CASSPS,DQ2=0.0;
LMDIF, CALLS=10,TOLERANCE=1.0E-21;
ENDMATCH;

Thematchingattributesandcommandsareenclosedbeteenthe �
	� ���d and ����
��
	� ���d statements.The
desiredsequencecan be specified. In the first examplethe global horizontaland vertical tunesare
matchedto thedesiredvalues.Thestrengthsof themainquadrupoles(

& [¶� and
& [�
 ) arevariedin the

procedure.In thesecondexampletheglobalchromaticitiesarematchto zero,by variationof thesex-
tupolestrengths

& !#� and
& !�
 . Otherattributescontrolthemethodusedandthequalityof theprocedure.

Thenew valuesof thestrengthsarenow associatedwith thesequence.Thefollowing executionof the
TWISScommandwould thereforeproducethenew parameters.
NOTE: thelatteris only truewhenthequadrupolestrengthsaredefinedusingdeferredexpressions,i.e:

QF: QUADRUPOLE,K1:=KQF;

Otherwisethenew strengthsGH·M_ and GH·�¸ arecalculatedall right, but notassignedto theelements.
I.e. they will notbeusedin subsequentcalculations,e.g.computinglatticefunctionswith the 4Z� �����
command.

5.2 Local and insertion matching

Probablythemostimportantmatchingproceduresarethosewhichareusedto modify thelatticelocally,
e.g. for insertingnon-periodicregions for experiments,collimation systemsetc. In order to avoid a
distortionof otherpartsof themachine,thematchingmustberestrictedto thelocalregionandadditional
constraintsmustensurethesmoothcontinuationinto theperiodicpartof themachine.

The examplebelow is a simplematchingof a symmetriclow £ -insertionusing four independent
quadrupoles.The matchingis restrictedto the rangebetweenthe elements":���¹ and ���;89df wherethe
normallatticeparametersaregivenasconstraints.For moredetailson this examplesee[5].
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MATCH, SEQUENCE=CASCELL5,RANGE=LEFT/RIGHT,BETX=28.2,BETY=87.0;
VARY,NAME=KQ1.L, STEP=0.00001;
VARY,NAME=KQ2.L, STEP=0.00001;
VARY,NAME=KQ3.L, STEP=0.00001;
VARY,NAME=KQ4.L, STEP=0.00001;
CONSTRAINT,RANGE=RIGHT,SEQUENCE=CASCELL5,BETX=28.2,BETY=87.0;
CONSTRAINT,RANGE=IP,SEQUENCE=CASCELL5,BETX=10.0,BETY=1.0;
LMDIF, CALLS=100,TOLERANCE=1.0E-21;
ENDMATCH;

5.3 Example: matching a vertical orbit bump

As anexampleI show thecommandsto matchaverticalorbit bumpof 5 mmatamonitor. Threeverical
orbit correctorsareusedto createandclosethebump.

// Matchaverticalorbit bumpof 5 mm at monitorBPMV8
MATCH,ORBIT;
CONSTRAINT,RANGE=BPMV5,Y=0.0,PY=0.0; // makesurebumpis closed
CONSTRAINT,RANGE=BPMV8,Y=0.005; // bumpis 5 mm vertical
CONSTRAINT,RANGE=BPMV11,Y=0.0,PY=0.0; // makesurebumpis closed
VARY,NAME=KCV7,STEP=0.0001;
VARY,NAME=KCV9,STEP=0.0001;
VARY,NAME=KCV10,STEP=0.0001;
LMDIF,CALLS=100,TOLERANCE=1.0E-20;
ENDMATCH;
Thecompleteexamplecanbe foundasexample3 in theappendix.It usesthesequenceasdefinedin
example4 (macrodefinition,seelater).Theresultingverticalorbit is shown in Fig.3.
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Figure3: Vertical orbit bumpasexamplefor local matching.
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6 Err or definition

During thedesignprocessof a machineit becomesimportantto testit againstimperfections.For that
purpose,alignmentand field errorscan be assignedto all machineelements. The calculationswill
take theseimperfectionsinto accountandcorrectionprocedures(e.g. orbit correction)areavailablein
MAD-X to testpossiblecorrectionstrategies.

6.1 Alignment errors

Theelementsin a machinecanbemisalignedwith theavailableMAD-X erroractions.Thecommand
sequence:

SELECT, FLAG= ERROR,CLASS=MQ;
EALIGN, DX:=GAUSS()*0.0005;DY:=GAUSS()*0.0002;

assignsalignmenterrorsto all quadrupolesbelongingto the classMQ with a r.m.s. valueof 0.5 mm
in thehorizontaland0.2 mm in theverticalplane,bothfollowing a Gaussiandistribution. In thatcase
againtheuseof deferredexpressionsis of utmostimportance.To assigntheerrors,theprogramsteps
throughthesequenceandfor every elementof theselectedclassthecorrespondingmisalignmentsDX
andDY areevaluatedeachtime. Using the standardexpression,the misalignmentsDX andDY are
calculatedonceandall elementsof the selectedclassget the sameerror. For a completelist of all
misalignmentoptionssee[1, 2].

6.2 Field errors

Theprogramallows to assignfield errorsof any orderto themachineelementswith commandslike:

SELECT, FLAG= ERROR,CLASS=MB;
EFCOMP, RADIUS:=0.017,ORDER:=0,
DKNR:= N 0,0,GAUSS()*7E-4,GAUSS()*1E-4,0,0Q ,
DKSR:=N 0,0,GAUSS()*3E-4,GAUSS()*6E-4,0,0Q ,
In thisexamplenormalandskew field errors(sextupoleandoctupole)areassignedto dipolemagnetsof
theclassMB. It is possibleto assignabsoluteor relativefield errors,thelatternormalizedto thestrength
of thecorrespondingelement.TheRADIUS (referencefor themeasurement)andORDERcontrolthis
behaviour. For adetaileddiscussionsee[1, 2].

7 Orbit correction

A misalignedmachinecanbe correctedusingthe MAD-X orbit correctionprocedures[6]. The input
datais takenfrom thelastTWISStable,i.e. TWISSmustrun beforeacorrectioncanbeexecuted.

Verybasicclosedorbit correctionstatementsareof theform:

CORRECT, PLANE=X, NCORR=20,ERROR=1.0E-04;

or

CORRECT, MODE=SVD;

For all detailsandoptionssee[1, 2, 6].
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8 Advancedoptionsand commands

MAD-X hasmany more featuresand commandsfor advanceddesignand evaluationof accelerator
lattices. Most prominentare the evaluationof beamparameters(in caseof radiation),geometrical
survey, trackingandphysicalanddynamicaperturedetermination.However, a full descriptionis well
beyond thescopeof this simplified introduction. To geta flavor, I shall give two examples,onefor a
simple ���	�� & �;�98 andanotherfor theadvanceduseof �
	������¶! .
8.1 Particle tracking

Theexampleshownbelow demonstratesparticletrackingin MAD-X. It showsthesimultaneoustracking
of 20 particlesin horizontalphasespacewherethe particlesaredistributedon a circle in x-px phase
space.All commandsareenclosedbetweenthekeywords  ���	�� & and ����
� ���	�� & . Theinitial coordinates
of theparticlesareassignedwith thecommand!� �	��� andthetrackingis executedwith ��\.� .

Trackingin MAD-X is possibleusingthin lenses.A latticedefinedwith thick elementshasto be
convertedto thin lenseswith thecommandSUTWGHYÁ4MJK��Â beforethetrackingcanbedone.For details
on thecommandSUTWGHYÁ4MJK��Â consultthereferencemanual[1, 2].

Ã�Ä�Å>Æ�Ç�È9É�Ê ��Ë Æ9Ì�Í>Æ�Ê�Î�Æ h Î�Ä Ë�Ë�Ï>Ë�lÍ Ë Æ ��Ë Æ9Ì�Í>Æ�Ê�Î�Æ h Î�Ä Ë�Ë�Ï>Ë�lÇ�Ð�Ä>Î�Å lÊ Ë Ç>Æ ÏUhÑ����lÐ�Ä�Ò hsj����~�:� Æ ��� � lÄ�Ê�Ó Ë Ç ÏUhi����Ï É�Ô�Ê Ë Ç�Æ Ï�l
Ê hÑ��lÕ�È9É�Ö�Æ r Ê t�h Ê Ë Ç�Æ Ï9yUzÄ�Ê�Ó h Ê � Ä�Ê�Ó Ë Ç Ï�l× Ë h Ð�Ä�Ò � Î>Ø Ë r Ä�Ê>Ó y9l× Ï�ËÙh Ð�Ä�Ò ��Ë É�Ê r Ä�Ê>Ó y9lÚ�Ä�Ö>Í�Æ � × Ë�� × Ï�Ë�l
Ë Ç�Ä>Ð�Ç � × h × Ë���Ï × h × Ï�Ë�lÊ h Ê x j9l�
Ð�Í�Ê � Ç�Í�Ð�Ê Ë�h9j���� � lÆ�Ê�Ò>Ç�Ð�Ä�Î�Å l
Ë Ç�Ø Ï�l
Theuseof trackingmayrequireadditionalattributesin theBEAM command.Theaboveexampleshows
thepowerof theinput language.

8.2 Useof macros

The power of theMAD-X input languageis further enhancedby the useof �
	�������! . For illustration,
example2 in the appendixhasbeenmodified.. For somecases,it is requiredthat the elementshave
distinctnames,(e.g. whereall elementsmustbetreatedasseparateobjects,suchasorbit corrections).
This canbeeasilydoneby editingexample1, whereevery elementis listedon a separateline. Editing
theexample2 with the cedf��"Û� loopwouldfail becausetwo elementsmustnothavethesamename.Using
themacrolanguage,thewhile loopcanbemodifiedlike in example3 in appendix1.3.Thedefinitionof
a cell is now donewithin thesubroutine�;��!� . This subroutinetakesinput parametersfrom thecalling
MAD-input andmostimportant,canchangethenamesof theelements,usingtheinputinformation.The
resultof this schemeis thesameasbefore,however the orbit correctors,their correspondingstrength
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parametersandthebeampositionmonitorsarenow numberedsequentially. A MAD-X input file and
the correspondingTwiss outputareshown in the secondpart of example3. The increasingsequence
numbersaspart of the elementnamesarenow clearly visible. In this examplethe quadrupoleshave
beenmisalignedin the two planesfollowing a Gaussiandistribution with 0.1 mm and0.2 mm r.m.s.
respectivly.

Thereforethe horizontalandverticalorbit is distortedandthe maximumandr.m.s. valuescanbe
foundin theTwisssummarytable.

9 How to run MAD-X ?

MAD-X canberuneitherinteractively or in batchmode.

9.1 Interacti ve mode

To run MAD-X interactively, onecanexecuteMAD-X andinput thecommandsandstatementsin the
commandline of thestandardinput.

Alternatively, oneor morefileswith commandsandstatementscanbereadusingthecommand:
CALL,FILE=” �¹��"Û����	��
� ”;

9.2 Batch mode

MAD-X canbe run asa backgroundof batchprogramby redirectingan input file into the MAD-X
standardinput. For UNIX (LINUX) like:
madx Ü �;� , \. ��¹�%":�

Theoutputis normallysendto thestandardoutput,unlessit is redirected.
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10 APPENDIX 1

In thefollowing, I list a few exampleswhich maybereferencedin thetext. For all casesthesequence
definition is found in thefirst partanda MAD-X input file to usethesequenceis given in thesecond
partof eachexample.All examplescanbefoundon thewebin [7].

10.1 APPENDIX 1.1: Example 1, Simplestcase

10.1.1 Sequencedefinition (spsall.seq)
Ô�Ô � q | o g q � n9q � ¥ �9� pUp�q g�¤�� n
w o�¦ w�� � h �>� j��~�:�>��l
Ô�Ô � q | o g q g�� ��� q�¦s¥ |kw q>p�p�� ��g��Ù� n9q�¦9q | ¥�¦9q w q>p�pip>q g�¤�� n
g9w q>p�p huj�����l
p w q>p�p huw o�¦ w�� �9Ô g�w q�p�p l
Ô�Ô � q | o g qUp�q g�¤�� n9�U¥ | q>p�q � q g>� � ��g�� n � p | p�q g>¤�� n9�
p {������Uh � �:�>����l
p ��� h � �:� � ��l
p���q ¨ huj��:��l
Ô�Ô | ¥�¦ w q�� ��g�� ¥ � n9q�¦ w ¥ g � �9��g>� � lÔ�Ô q�p�q � q g��U� q | o g o � o�¥ g � l
Ô�Ô � q | o g q � q g�� o g�¤ � ��¤�g q �s� � � � p � o � ¥>p�q��� � � � } � � p � o � ¥�p�q � p�¦ ����h>��� ��� ©��
Ý�g p h9z��~�:�9� � o Ô r �9��g9w q�p�p y � l
Ô�Ô � q | o g q {��9��� ¦ � � ¥�p�q ��g��i� n9q�o�¦s� � ¦9q g�¤�� n9�
{ � � � }Þ{��9��� ¦ � � ¥�p�q � p h p {�������l
{�|~}�{ � � � �?Ý9j�}:h�Ý>{�|�l
{��~}�{ � � � �?Ý9j�}:h�Ý>{���l
Ý�{�|Ùh j�� ���>� j � §�� Æ ������l
Ý�{��Ùhs��j�� ���>��������� Æ ������l
Ô�Ô � q | o g qU��q ¨���� � ¥�p�q�� | ¥�¦ w n�¦9¥ � ��� o w o �>©ßw ¥�¦�¦9q w�� o�¥ g
p�� |Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � |�l
p�� �Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � ��l
Ý � |Ùh �~�:���>� ����� � Æ ������l
Ý � �Ùhs� � �:� �>��� � � § Æ ������l
Ô�Ô � q | o g qU¥�¦ � o �sw ¥�¦>¦9q w�� ¥�¦9� ��g�� � q � �U� ¥>��o � o�¥ g � ¥ g o � ¥�¦9������ } � ¥ g o � ¥�¦ � p h��~��j�l
w n } n Ý o w�Ý q�¦ � p h��~��j�l
w��~} �>Ý o w�Ý q�¦ � p h��~��j�l
w�� �>� � � } ��q {>� q g9w q � ¦9q | q�¦ h9w q g�� ¦9q � p hkw o�¦ w�� � l
� �9� ¦ �9à � �>w n9o g q } � � ¦ Ý q�¦ �*���Ùhi��l
{�|��v���Ùhkj��:� � ����l
p�� |��v���Ñh � �:� � �>��l
w n �v���Ùh � � ��� ����l
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����� �v���Ñh � �:§ � �>��l��� � � � �*���ÙhÑ�~�:� � ����l��� � � � �*���Ùhuj�j�� ��� ����l��� � � � �*���ÙhÑ� � � ��� ����l��� � � � �*���Ùh � �~�Û� � ����l
{����v���Ùh �>� �:� � �>��l
p�� ���v���Ñh ��� �:� � ����l
w����v���Ùh �>� � ��� �>��l����� �v���Ñh ��� �:§ � ����l��� � � � �*���Ùh � §~�Û� � ����l��� � � � �*���Ùh ��� � ��� ����l��� � � � �*���ÙhÑ���~� ��� ����l��� � � � �*���Ùh � �~�Û� � ����l
{�|��v���Ùh � �~�:� � �>��l
p�� |��v���Ñh � �~�:� � ����l
w n �v���Ùh � �~� ��� �>��l����� �v���Ñh � �~�:§ � ����l��� � � � �*���Ùh ��� �Û� � ����l��� � � � �*���ÙhÑ§��~� ��� ����l��� � � � �*���ÙhÑ��§~� ��� ����l��� � � � �*���Ùh ��� �Û� � ����l
{����v���Ùh � §~�:� � �>��l
p�� ���v���Ñhsj����~�:� � ����l
w����v���Ùhkj����~� ��� ����l����� �v���Ñhsj����~�:§ � ����l��� � � � �*���Ùhuj��9j��:� � ����l��� � � � �*���Ùhuj���§Á� ��� ����l��� � � � �*���Ùhuj�j � � ��� ����l��� � � � �*���Ùhuj�� � �:� � ����l
{�|��v���Ùhkj�� � �:� � ����l
p�� |��v���Ñhsj � �~�:� � ����l
w n �v���Ùhkj � �~� ��� ����l����� �v���Ñhsj � �~�:§ � ����l��� � � � �*���Ùhuj ��� �:� � ����l��� � � � �*���Ùhuj ��� � ��� ����l��� � � � �*���Ùhuj��9j�� ��� ����l��� � � � �*���Ùhuj����Á�:� � ����l
{����v���Ùhkj � j��:� � ����l
p�� ���v���Ñhsj ��� �:� � ����l
w����v���Ùhkj ��� � ��� ����l����� �v���Ñhsj ��� �:§ � ����l��� � � � �*���Ùhuj � �Á�:� � ����l��� � � � �*���Ùhuj�§9j�� ��� ����l
�����
�����
�������� � � � �*���Ùh � §�§>�~� ��� �>��l��� � � � �*���Ùh � §��>�~�:� � �>��l
{�|��v���Ùh � §����~�:� � ����l
p�� |��v���Ñh � §����~�Û� � ����l
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w n �v���Ùh � §����~� �>� ����l����� �v���Ñh � §����~�Û§ � ����l��� � � � �*���Ùh � §�� � �:� � �>��l��� � � � �*���Ùh � § � �~� ��� �>��l��� � � � �*���Ùh � ���>§~� ��� �>��l��� � � � �*���Ùh � �9j � �:� � �>��l
{����v���Ùh � �9j�§~�:� � ����l
p�� ���v���Ñh � �����~�Û� � ����l
w����v���Ùh � �����~� �>� ����l����� �v���Ñh � �����~�Û§ � ����l��� � � � �*���Ùh � ����j��:� � �>��l��� � � � �*���Ùh � ���>§~� ��� �>��l��� � � � �*���Ùh � � �>� � ��� �>��l��� � � � �*���Ùh � � �>� �:� � �>��l
{�|��v���Ùh � � ��� �:� � ����l
p�� |��v���Ñh � �����~�Û� � ����l
w n �v���Ùh � �����~� �>� ����l����� �v���Ñh � �����~�Û§ � ����l��� � � � �*���Ùh � ��� � �:� � �>��l��� � � � �*���Ùh � ��� � � ��� �>��l��� � � � �*���Ùh � ��§�j�� ��� �>��l��� � � � �*���Ùh � ��§>�~�:� � �>��l
{����v���Ùh � ���9j��:� � ����l
p�� ���v���Ñh � ��� � �Û� � ����l
w����v���Ùh � ��� � � �>� ����l����� �v���Ñh � ��� � �Û§ � ����l��� � � � �*���Ùh � ���>�~�:� � �>��l��� � � � �*���Ùh � � � j�� ��� �>��l��� � � � �*���Ùh ��� � � � ��� �>��l��� � � � �*���Ùh ��� j��~�:� � �>��l
q g���à � ��w n�o g q } � � ¦ Ý q�¦ �v���ih ��� j��~�Û����l
q g�� ��q {�� q g9w q l

10.1.2 MAD-X dir ectives
Ç9É�Ç>Ö�Æ � � h�á Ã>Ä�Ò � × � q�� ��á�l
Ô�ÔvÐ q ��� o g � ���U| o�p�qvm9o � n � �>w n9o g q � q>� w ¦9o � � o�¥ g
w�� p>p | o�p�q h�â � � � � p>p � ��q {�â�l
¥ � � o�¥ g���� q w n9¥ l
Ô�ÔvÒ q | o g q � n9q � q � � | ¥�¦ � n9q � ��w n�o g qã q � � � � � ¦ � o w p�q h � ¦9¥ � ¥ g�� �>q {�� q g�w q h9w�� ��� � � � q g q�¦ ¤>©Ùh � ���Á�:��l
Ô�ÔvÍ ��q � n9qÙ��q {�� q g9w qäm9o � n � n9q g�� � q }?w�� �>� � �
� ��q � � q�¦9o�¥ �>h9w�� ��� � � l
Ô�ÔvÒ q | o g q � n9q ��© � q ��g��s� � ¥ �>g�� ¥ | ¥ ��� � ���U| ¥�¦ � n�q ��w�� o�¥ g Ç�Õ9É Ë�Ë
��q�p>q w�����| p ��¤�h�� m9o���� ��w ¥�p � � g>h�g9� � q � � ��¨���©�� � ��¨�� � q �¹¨�� � �¹©�� � q ��©�����¨����¹©�l
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Ô�ÔvÆ ¨ q w���� q � n9q Ç m9o��>� w ¥ ��� ��g>�Ù� ¥ w�� p w�� p ��� q � n9q Ç m9o���� � � ¦ � � q � q�¦9�Ô�ÔvÎ ¥ ��� ��� q ���Ù� n9q w q g�� ¦�q��U¥ |i� n9qiq>p�q � q g>� � ��g�� m�¦9o � q � ¥ }å� m�o���� � ¥ ���
� m9o>��� ��w q g�� ¦9q ��| o�p�q h>� m9o���� � ¥ ����l
Ô�Ô Ï p�¥ �Ù� n9qvn9¥�¦�o�æ9¥ g���� p ��g��Ù� q�¦ � o w�� p � q �9�ç|>��g9w�� o>¥ g � q � m�q�q gU� n9qÔ�Ô j���� n ��g��sj � � ns¥ w�w�� ¦9q g9w qU¥ |s�ç� q | ¥ w�� �>��o g�¤è{������ ¦ � � ¥�p�q� p�¥ ��� n ��¨ o�� h � �?�9��¨ o>� h�¨�� � q ��¨�� � q ��©���w ¥�p�¥ � ¦ h9j������

¦ ��g�¤ q h�{��~é�j���ê Ô {��Áé�j � ê�l� p�¥ ��� n ��¨ o�� h � �?�9��¨ o>� h���¨��äw ¥�p�¥ � ¦ h9j������
¦ ��g�¤ q h�{��~é�j���ê Ô {��Áé ��� ê�l

� � ¥ � l

10.1.3 TWISS summary table

x�x�x>x�x�x �9� � p>q } � � ���
p>q g�¤�� n ¥�¦ � o ��� � p |�� ¤9� ��� ��� ¦

� � � j��>������� q�x � � ���~�:�����>������� q�x ��� j�� � ���>§���� �9q ��� � �~� ���>� � � j�� q�x �9j
{�j ��{�j � q ��¨ � ��¨ ��¨ � ��¨

�~� � ���>������� q�x �9j � � � � � � j�����§ q�x �9j j��:��§�� ����� j q�x ��� �~�:� � ���9j�j ��q�x ���
��¨ ¦ � � ¨�w ¥ � ��¨ ¨�w ¥�¦ � � {>�

j�� ��� � ��� §�� q�x ��� �~�:�����>������� q�x ��� �~�:�����>������� q�x ��� �~� ��� ��������� q�x �9j
��{�� � q ��© � ��¨ ��© � ��¨ ��© ¦ � �

� � � � � � � � § �9q�x �9j j��:��§ �>� § � � q�x ��� �~�:�����>������� q�x ��� �~�:���>��������� q�x ���
©�w ¥ � ��¨ ©�w ¥�¦ � � � q�p �9� �

�~�:�����>������� q�x ��� �~�:�����>������� q�x ��� �~�:�����>������� q�x ���
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10.1.4 TWISS lattice functions written to the file ”twiss.out”
ë Ê�Ä�Ã�Æ ì ��� � â Ç>Õ9É Ë�Ë�âë Ç�í Ï Æ ì ��� � â Ç>Õ9É Ë�Ë�âë Ë Æ9Ì�Í�Æ>Ê�Î�Æ ì � �9� â Î>Ä Ë�Ë�Ï�Ë�âë Ï Ä�Ð�Ç9É�Î�Ö�Æ ì � �9� â�Ï Ð�Ø�Ç�Ø�Ê âë Ã�Ä Ë�Ë ì p�q �~� �>� ����§9j ��� �ë Î�È�Ä�Ð�Ó>Æ ì p�q jë Æ�Ê�Æ�Ð�Ó>í ì p�q � ���ë Ï Î ì p�q �>��� � ���>� ���9j��>��§ë Ó�Ä�Ã�Ã�Ä ì p�q � § � � � �>��� � ��� � jë Å�ã�Í�Ê�Î>È ì p�q jë ã�Î�Í�Ð�Ð>Æ�Ê�Ç ì p�q �ë Ë É�Ó�Æ ì p�q �ë Ë É�Ó�Ç ì p�q �ë Ê Ï Ä�Ð�Ç ì p�q �ë Æ�× ì p�q jë Æ�í ì p�q jë Æ�Ç ì p�q jë Ö�Æ�Ê�Ó�Ç>È ì p�q ��� j��ë Ä�Ö�î�Ä ì p�q �~�:���9j � ����§��>� � ����� �ë Ø�Ð�ã9É�Ç � ì p�q ���ë Ó�Ä�Ã�Ã�Ä>Ç�Ð ì p�q � � � ��� � � j����9j����ë Ì j ì p�q � � �:���ë Ì � ì p�q � � � � �ë Ò9Ì j ì p�q � �>� �:� � j�����§ ��� § �ë Ò9Ì � ì p�q � �>� �:� � � � § ����� � �ë Ò�×�Ã�Ä�× ì p�q �~�:� � �>�9j�j � ��j�jë Ò�í�Ã�Ä�× ì p�q �ë ×�Î�Ø�Ã�Ä>× ì p�q �ë í�Î�Ø�Ã�Ä>× ì p�q �ë ã�Æ�Ç�×�Ã>Ä�× ì p�q j���§~�:� �>��� j � j�� �ë ã�Æ�Ç�í�Ã>Ä�× ì p�q j���§~� ��� § � ��� �>���ë ×�Î�Ø�Ð�Ã Ë ì p�q �ë í�Î�Ø�Ð�Ã Ë ì p�q �ë Ò�×�Ð�Ã Ë ì p�q j�� ��� � �>� §���� �>� �ë Ò�í�Ð�Ã Ë ì p�q �ë Ò�Æ�Ö�Ç�Ä Ï ì p�q �ë Ç9É�Ç�Ö�Æ ì �9j � â � âë Ø�Ð9É�Ó9É�Ê ì j �9� â Ã>Ä�Ò � × j���j�j Ö o g���¨�âë Ò�Ä�Ç�Æ ì ��� � â�� � Ô j�� Ô � � âë Ç9É�Ã�Æ ì ��� � â�j>j�� ��� ��j � â
� Ê�Ä�Ã�Æ Ë ã�Æ>Ç�× Ò�×ï ì � ì p�q ì p>q ì p�q
â Î>Ä Ë�Ë�Ï�Ë ï Ë Ç�Ä�Ð>Ç â � j�� � �:� � �>�9j�§ � �~�:�>� ����� j�� � �
â�Ë Ç�Ä�Ð�Ç à Ã�Ä�Î�È9É�Ê�Æ â � j�� � �:� � �>�9j�§ � �~�:�>� ����� j�� � �
â Ì�î â j��:� � ��� j��>§~�:� ���>� j � � �~�:� � ���9j�j � �9j
â Ò>Ð9É�î�Ç à���â � ��j�j � §>� j�� � �:§ � �>��� � � �~�:�>�9j�§�� �>� j �
â Ö Ë î â � � ��� ��� j���j��:��� � � � � � �~� �>� j � j � � ���
â Ò>Ð9É�î�Ç à>j9â � �:� � ��� ��� � � �9j � �9j�� � �~� �>��� ��§ � � �
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â Ã>ã Ë�Ï�Ë�â �Á�:� � ��� ��� �:��§����>��� ��� �~� � j�� ����� �9j �
â Ò>Ð9É�î�Ç à���â �Á�:� � ��� �9j��:��� � � ��� j�j �~�:� ��� ����§>� ���
â Ã>ã Ë�Ï�Ë�â j>j�� ��� �>� � �Á�:��§ � §>� � � � �~�:�>��� � ��� � �
â Ò>Ð9É�î�Ç à � â j�§~�:� � �>� � �Á� � ����§>� � § � j��:�>��� ��� � �����
â Ã>ã Ë�Ï�Ë�â � � � ��� �>� ��� � � ��� � j�j�� � j��:� � ��� ���>� � �
â Ò>Ð9É�î�Ç à���â � � �:� � �>� ��§Á� ��� � �>����� j�� �>� ����� �>� � �
â Ã>ã Ë�Ï�Ë�â � �~�:� � �>� ���Á� ����� j�� ��� � j�� �>��� §9j��>�����
â Ò>Ð9É�î�Ç à � â � j��:���9j���� �9j�� � � ���>� � � � j�� � ����§�� � ��� �
â Ì�Ò â �>� �:� � �>� j � �:�9j ��� ����§ � j��:�>��� � j �>� � �
â Ò>Ð9É�î�Ç à���â � �~��j�j � §�� ���Á� � �����>� � § � j��:�>§�� � §�§�j��9j
â Ö Ë Ò â � �~� ��� �>� ���Á� ��� § � j�� � j j��:� ��� § ��� ��� �
â Ò>Ð9É�î�Ç à>j9â �>� �:� � �>� ���Á�:��§9j � ������� j�� � ������§�� � ���
â Ã>ã Ë�Ï�Ë�â � §~�:� � �>� ���Á� ����� j�� ��� � j�� �>��� §9j��>�����
â Ò>Ð9É�î�Ç à���â � �~�:� � �>� ��§Á� ��� � �>����� j�� �>� ����� �>� � �
â Ã>ã Ë�Ï�Ë�â �>� � ��� �>� ��� � � ��� � j�j�� � j��:� � ��� ���>� � �
â Ò>Ð9É�î�Ç à � â �>� �:� � �>� � �Á� � ����§>� � § � j��:�>��� ��� � �����
â Ã>ã Ë�Ï�Ë�â �>�~� ��� �>� � �Á�:��§ � §>� � � � �~�:�>��� � ��� � �
â Ò>Ð9É�î�Ç à���â �>�~�:� � �>� �9j��:��� � � ��� j�j �~�:� ��� ����§>� ���
â Ã>ã Ë�Ï�Ë�â � �~�:� � �>� ��� �:��§����>��� ��� �~� � j�� ����� �9j �
â Ò>Ð9É�î�Ç à � â �>� �:���9j���� ��� � � j�j�§>��� ��� �~� �>� §�� ���>��� j
â Ì�î â � �~�:� � �>� j��>§~�:� ���>� j � � �~�:� � ���9j�j � �9j
â Ò>Ð9É�î�Ç à���â � §~��j�j � §�� j�� � �:§ � �>��� � � �~�:�>�9j�§�� �>� j �
â Ö Ë î â � §~� ��� �>� j���j��:��� � � � � � �~� �>� j � j � � ���
â Ò>Ð9É�î�Ç à>j9â � �~�:� � �>� ��� � � �9j � �9j�� � �~� �>��� ��§ � � �
â Ã>ã Ë�Ï�Ë�â �>� �:� � �>� ��� �:��§����>��� ��� �~� � j�� ����� �9j �
â Ò>Ð9É�î�Ç à���â §>�~�:� � �>� �9j��:��� � � ��� j�j �~�:� ��� ����§>� ���
â Ã>ã Ë�Ï�Ë�â §>�~� ��� �>� � �Á�:��§ � §>� � � � �~�:�>��� � ��� � �
â Ò>Ð9É�î�Ç à � â ��j��:� � �>� � �Á� � ����§>� � § � j��:�>��� ��� � �����
â Ã>ã Ë�Ï�Ë�â �>§~� ��� �>� ��� � � ��� � j�j�� � j��:� � ��� ���>� � �
â Ò>Ð9É�î�Ç à���â � �~�:� � �>� ��§Á� ��� � �>����� j�� �>� ����� �>� � �
â Ã>ã Ë�Ï�Ë�â �>� �:� � �>� ���Á� ����� j�� ��� � j�� �>��� §9j��>�����
â Ò>Ð9É�î�Ç à � â � �~�:���9j���� �9j�� � � ���>� � � � j�� � ����§�� � ��� �
â Ì�Ò â � §~�:� � �>� j � �:�9j ��� ����§ � j��:�>��� � j �>� � �
â Ò>Ð9É�î�Ç à���â �>� ��j�j � §�� ���Á� � �����>� � § � j��:�>§�� � §�§�j��9j
â Ö Ë Ò â �>� � ��� �>� ���Á� ��� § � j�� � j j��:� ��� § ��� ��� �
â Ò>Ð9É�î�Ç à>j9â j����~�:� � ��� ���Á�:��§9j � ������� j�� � ������§�� � ���
â Ã>ã Ë�Ï�Ë�â j��9j��:� � ��� ���Á� ����� j�� ��� � j�� �>��� §9j��>�����
â Ò>Ð9É�î�Ç à���â j�� � �:� � ��� ��§Á� ��� � �>����� j�� �>� ����� �>� � �
â Ã>ã Ë�Ï�Ë�â j���§~� ��� ��� ��� � � ��� � j�j�� � j��:� � ��� ���>� � �
â Ò>Ð9É�î�Ç à � â j>j � �:� � ��� � �Á� � ����§>� � § � j��:�>��� ��� � �����
â Ã>ã Ë�Ï�Ë�â j>j � � ��� ��� � �Á�:��§ � §>� � � � �~�:�>��� � ��� � �
â Ò>Ð9É�î�Ç à���â j����~�:� � ��� �9j��:��� � � ��� j�j �~�:� ��� ����§>� ���
â Ã>ã Ë�Ï�Ë�â j�� � �:� � ��� ��� �:��§����>��� ��� �~� � j�� ����� �9j �
â Ò>Ð9É�î�Ç à � â j���§~�:����j���� ��� � � j�j�§>��� ��� �~� �>� §�� ���>��� j
â Ì�î â j�� � �:� � ��� j��>§~�:� ���>� j � � �~�:� � ���9j�j � �9j
���������>�������
���������>�������
���������>�������
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10.2 APPENDIX 1.2: Example 2, Useof WHILE command

10.2.1 Sequencedefinition (sps.seq)
Ô�Ô � q | o g q � n9q � ¥ �9� pUp�q g�¤�� n
w o�¦ w�� � h �>� j��~�:��l
Ô�Ô � q | o g q g�� ��� q�¦s¥ |kw q>p�p�� ��g��Ù� n9q�¦9q | ¥�¦9q w q>p�pip>q g�¤�� n
g9w q>p�p huj�����l
p w q>p�p huw o�¦ w�� �9Ô g�w q�p�p l
Ô�Ô � q | o g qUp�q g�¤�� n9�U¥ | q>p�q � q g>� � ��g�� n � p | p�q g>¤�� n9�
p {������Uh � �:�>����l
p {��������Uh p {��9��� Ô �~��l
p���q ¨ huj��:��l
Ô�Ô | ¥�¦ w q�� ��g�� ¥ � n9q�¦ w ¥ g � �9��g>� � lÔ�Ô q�p�q � q g��U� q | o g o � o�¥ g � l
Ô�Ô � q | o g q � q g�� o g�¤ � ��¤�g q �s� � � � p � o � ¥>p�q��� � � � } � � p � o � ¥�p�q � p�¦ ����h>��� ��� ©��
Ý�g p h9z��~�:�9� � o Ô r �9��g9w q�p�p y � l
Ô�Ô � q | o g q {��9��� ¦ � � ¥�p�q ��g��i� n9q�o�¦s� � ¦9q g�¤�� n9�
{ � � � }Þ{��9��� ¦ � � ¥�p�q � p h p {�������l
{�|~}�{ � � � �?Ý9j�}:h�Ý>{�|�l
{��~}�{ � � � �?Ý9j�}:h�Ý>{���l
Ý�{�|Ùh j�� ���>� j � §�� Æ ������l
Ý�{��Ùhs��j�� ���>��������� Æ ������l
Ô�Ô � q | o g qU��q ¨���� � ¥�p�q�� | ¥�¦ w n�¦9¥ � ��� o w o �>©ßw ¥�¦�¦9q w�� o�¥ g
p�� |Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � |�l
p�� �Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � ��l
Ý � |Ùh �~�:���>� ����� � Æ ������l
Ý � �Ùhs� � �:� �>��� � � § Æ ������l
Ô�Ô � q | o g qU¥�¦ � o �sw ¥�¦>¦9q w�� ¥�¦9� ��g�� � q � �U� ¥>��o � o�¥ g � ¥ g o � ¥�¦9������ } � ¥ g o � ¥�¦ � p h��~��j�l
w n } n Ý o w�Ý q�¦ � p h��~��j�l
w��~} �>Ý o w�Ý q�¦ � p h��~��j�l
Ô�Ô ��q {�� q g9w q � q w p � ¦ ��� o�¥ g�l
w�� �>� � � } ��q {>� q g9w q � ¦9q | q�¦ h9w q g�� ¦9q � p }Ûh9w o�¦ w�� � l
� �9� ¦ �9à � �>w n9o g q } � � ¦ Ý q�¦ �*���Ùhi��l
Ô�ÔvÇ n9o�� � q | o g q�� Ø�Ê�Æ w q>p�p � ¦9q � q ��� Ê>Î�Æ�Ö�Ö � o � q��Ô�Ô � ¥ ¤ q �Ù� n9q |�� p�p � ��w n�o g qÔ�Ô Ë�Ï�Ë n � � � � q g�� o g>¤ � ��¤�g q � � � q�¦ w q�p�p

gihkj9l
m�n9o�p>qsr gutvg9w q�p�p�x j�yUz
{�|~}�{�|�� ����h r g9��j�y�� p w q�p�p�x9p {��9������l
p�� |~} p�� |�� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x �~�3��l
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w n } w n � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� ��j9l����� } ����� � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� � � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W�:����l
{��~}�{���� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l
p�� �~} p�� ��� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x���� �:����l
w��~} w���� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W��j���l����� } ����� � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� j�� � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x � � ��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l
gihig x j9l�

q g���à � ��w n�o g q } � � ¦ Ý q�¦ ���>h9w o�¦ w�� � l
q g�� ��q {�� q g9w q l

10.2.2 MAD-X dir ectives
Ç9É�Ç>Ö�Æ � � h�á Ã>Ä�Ò � × � q�� ��á�l
Ô�ÔvÐ q ��� o g � ���U| o�p�qvm9o � n � �>w n9o g q � q>� w ¦9o � � o�¥ g
w�� p>p | o�p�q h�â � � � � �>q {�â�l
¥ � � o�¥ g���� q w n9¥ l
Ô�ÔvÒ q | o g q � n9q � q � � | ¥�¦ � n9q � ��w n�o g qã q � � � � � ¦ � o w p�q h � ¦9¥ � ¥ g�� �>q {�� q g�w q h9w�� ��� � � � q g q�¦ ¤>©Ùh � ���Á�:��l
Ô�ÔvÍ ��q � n9qÙ��q {�� q g9w qäm9o � n � n9q g�� � q }?w�� �>� � �
� ��q � � q�¦9o�¥ �>h9w�� ��� � � l
Ô�ÔvÒ q | o g q � n9q ��© � q ��g��s� � ¥ �>g�� ¥ | ¥ ��� � ���U| ¥�¦ � n�q ��w�� o�¥ g Ç�Õ9É Ë�Ë
��q�p>q w�����| p ��¤�h�� m9o���� ��w ¥�p � � g>h�g9� � q � � ��¨���©�� � ��¨�� � q �¹¨�� � �¹©�� � q ��©�����¨����¹©�l
Ô�ÔvÆ ¨ q w���� q � n9q Ç m9o��>� w ¥ ��� ��g>�Ù� ¥ w�� p w�� p ��� q � n9q Ç m9o���� � � ¦ � � q � q�¦9�Ô�ÔvÎ ¥ ��� ��� q ���Ù� n9q w q g�� ¦�q��U¥ |i� n9qiq>p�q � q g>� � ��g�� m�¦9o � q � ¥ }å� m�o���� � ¥ ���
� m9o>��� ��w q g�� ¦9q ��| o�p�q h>� m9o���� � ¥ ����l
Ô�Ô Ï p�¥ �Ù� n9qvn9¥�¦�o�æ9¥ g���� p ��g��Ù� q�¦ � o w�� p � q �9�ç|>��g9w�� o>¥ g � q � m�q�q gU� n9qÔ�Ô j���� n ��g��sj � � ns¥ w�w�� ¦9q g9w qU¥ |s�ç� q | ¥ w�� �>��o g�¤è{������ ¦ � � ¥�p�q� p�¥ ��� n ��¨ o�� h � �?�9��¨ o>� h�¨�� � q ��¨�� � q ��©���w ¥�p�¥ � ¦ h9j������

¦ ��g�¤ q h�{��~é�j���ê Ô {��Áé�j � ê�l� p�¥ ��� n ��¨ o�� h � �?�9��¨ o>� h���¨��äw ¥�p�¥ � ¦ h9j������
¦ ��g�¤ q h�{��~é�j���ê Ô {��Áé ��� ê�l

� � ¥ � l
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10.3 APPENDIX 1.3: Example 3, Matching a local orbit bump

10.3.1 MAD-X dir ectives
Ô�ÔvÐ q ��� o g � ���U| o�p�qvm9o � n � �>w n9o g q � q>� w ¦9o � � o�¥ gÔ�ÔvÇ n9o�� � ��w n9o g qUo�� w ¥ g � � ¦ �9w�� q � m9o � n � �>w ¦9¥Ô�Ô � � � ¦�¥ ��� o g q É�Ê Ë Ç r yÔ�ÔvÃ ���9w n �ç� q�¦ � o w�� pè¥�¦ � o � � � ��� ��� � ¥ g o � ¥�¦ ã Ï Ã�Ú �
w�� p>p | o�p�q h�â � � � � �>w�� ��q {�â�l
¥ � � o�¥ g���� q w n9¥ l
Ô�ÔvÒ q | o g q � n9q � q � � | ¥�¦ � n9q � ��w n�o g qã q � � � � � ¦ � o w p�q h � ¦9¥ � ¥ g�� �>q {�� q g�w q h9w�� ��� � � � q g q�¦ ¤>©Ùh � ���Á�:��l
Ô�ÔvÍ ��q � n9qÙ��q {�� q g9w qäm9o � n � n9q g�� � q }?w�� �>� � �
� ��q � �>q {�� q g�w q h9w�� ��� � � l
Ô�ÔvÃ ���9w n �ç� q�¦ � o w�� pè¥�¦ � o � � � ��� ¥ |Ù� ��� ��� � ¥ g o � ¥�¦ ã Ï Ã�Ú �� ����w n � ¥�¦ � o ��l
w ¥ g � � ¦ � o g���� ¦ ��g�¤ q h �>��� ������©>h��~�Û��� � ©>h>�~�:��l
w ¥ g � � ¦ � o g���� ¦ ��g�¤ q h �>��� ������©>h��~�Û�>����l
w ¥ g � � ¦ � o g���� ¦ ��g�¤ q h �>��� �9j�j���©�h��Á�Û��� � ©>h��~�3��l
�9� ¦ ©���g9� � q h�Ý9w��>§�� � � q � h��~�:�>�>�9j9l
�9� ¦ ©���g9� � q h�Ý9w�� � � � � q � h��~�:�>�>�9j9l
�9� ¦ ©���g9� � q h�Ý9w���j���� � � q � h��~�Û�>���9j�l
p � � o |���w�� p�p�� h9j�������� ¥>p�q�¦ ��g�w q h9j��Û� Æ ���>��l
q g�� � ���9w n l
Ô�ÔvÒ q | o g q � n9q ��© � q ��g��s� � ¥ �>g�� ¥ | ¥ ��� � ���
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h � ¥ g o � ¥�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � ¨���©�� � ©�l
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h n Ý o w�Ý q�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � ¨���©�� � ©�l
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h>��Ý o w�Ý q�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � ¨���©�� � ©�l
Ô�ÔvÆ ¨ q w���� q � n9q Ç m9o��>� w ¥ ��� ��g>�Ù� ¥ w�� p w�� p ��� q � n9q Ç m9o���� � � ¦ � � q � q�¦9�Ô�ÔvÎ ¥ ��� ��� q ���Ù� n9q w q g�� ¦�qÙ¥ |i� n�qiq�p>q � q g��ð��g>� m�¦�o � q � ¥ }�� m9o��>� � ¥ ���
� m9o>��� � � ��� q ��w q g�� ¦9q ��| o�p�q h>� m9o��>� � ¥ �>��l
Ô�Ô Ï p�¥ �Ù� n9q � q�¦ � o w�� pè¥�¦ � o � � q � m�q�q gè� n9qÔ�Ô j � �s��g��Ù����� n � q � �Ù� ¥���o � o>¥ g � ¥ g o � ¥�¦� p�¥ ��� n ��¨ o�� h � �?�9��¨ o>� h�©���w ¥�p�¥ � ¦ h9j������

� � o g�h����~�:����j9��� � ��¨�h��~�:��j�j9�
¦ ��g�¤ q h ����� � � Ô������ �9j � l

� � ¥ � l
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10.4 APPENDIX 1.4: Example 4, Useof MAD-X macrosand imperfections

10.4.1 Sequencedefinition (spsmac.seq)
Ô�Ô � q | o g q � � � � ¦9¥ ��� o g q â o g � ��â?� ¥io g ��q�¦ � q�p>q � q g�� �Ô�Ô m9o � n g�� �>� q�¦9o g>¤Ô�Ô � p�pÙ� � ¦9o g�¤ � â�g�¨�â o gi� n9q � ��w ¦�¥ � ¦9qç¦�q � p ��w q � � ©Ô�Ô � n9qÙo g � �>�Ù��� p � qÙ¥ |Ùg�¨~�
o g � � r g�¨���g�� p w q>p�p � p {>�9�����9y�} � ��w ¦9¥ hkz

{�|~}�{�|�� ����h r g9��j�y�� p w q�p�p�x9p {��9������l
p�� |~} p�� |�� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x �~�3��l
w n g�¨Á} n Ý o w�Ý q�¦ � p h>�~�:����Ý o w�Ý~}:h>Ý9w n g�¨��

����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� ��j9l����� n g�¨~} � ¥ g o � ¥�¦ � p h��~�:���
����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �3����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� � � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x ���W�:����l

{��~}�{���� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l
p�� �~} p�� ��� ����h r g9��j�y�� p w q�p�p�x9p {��9����� x���� �:����l
w���g�¨Á} ��Ý o w�Ý q�¦ � p h>�~�:����Ý o w�Ý~}:h>Ý9w���g�¨��

����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W��j���l����� �>g�¨~} � ¥ g o � ¥�¦ � p h��~�:���
����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� j�� � ��l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x � � ��j���l��� � � � } ��� � � � � ����h r g9��j�y�� p w q�p�p�x9p {��9����� x�� �W�:����l

gihig x j9l�
Ô�Ô � q | o g q � n9q � ¥ �9� pUp�q g�¤�� n
w o�¦ w�� � h �>� j��~�:��l
Ô�Ô � q | o g q g�� ��� q�¦s¥ |kw q>p�p�� ��g��Ù� n9q�¦9q | ¥�¦9q w q>p�pip>q g�¤�� n
g9w q>p�p huj�����l
p w q>p�p huw o�¦ w�� �9Ô g�w q�p�p l
Ô�Ô � q | o g qUp�q g�¤�� n9�U¥ | q>p�q � q g>� � ��g�� n � p | p�q g>¤�� n9�
p {������Uh � �:�>����l
p {��������Uh p {��9��� Ô �~��l
p {������ � hi�Á�:��l
p ��� h � �:� � ��l
p ��� � h p ����Ô �~��l
p���q ¨ huj��:��l
Ô�Ô | ¥�¦ w q�� ��g�� ¥ � n9q�¦ w ¥ g � �9��g>� � lÔ�Ô q�p�q � q g��U� q | o g o � o�¥ g � l

27



Ô�Ô � q | o g q � q g�� o g�¤ � ��¤�g q �s� � � � p � o � ¥>p�q��� � � � } � � p � o � ¥�p�q � p�¦ ����h>��� ��� ©�� p h p ��� �HÝ>g p h9z��Á�:�9� � o Ô r �9��g�w q�p�p y � l
Ô�Ô � q | o g q {��9��� ¦ � � ¥�p�q ��g��i� n9q�o�¦s� � ¦9q g�¤�� n9�
{ � � � }Þ{��9��� ¦ � � ¥�p�q � p h p {�������l
{�|~}�{ � � � �?Ý9j�}:h�Ý>{�|�l
{��~}�{ � � � �?Ý9j�}:h�Ý>{���l
Ý�{�|Ùh j�� ���>� j � §�� Æ ������l
Ý�{��Ùhs��j�� ���>��������� Æ ������l
Ô�Ô � q | o g qU��q ¨���� � ¥�p�q�� | ¥�¦ w n�¦9¥ � ��� o w o �>©ßw ¥�¦�¦9q w�� o�¥ g
p�� |Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � |�l
p�� �Á} �>q ¨���� � ¥�p�q � p h p>��q ¨���Ý>�~}:h�Ý � ��l
Ý � |Ùh �~�:���>� ����� � Æ ������l
Ý � �Ùhs� � �:� �>��� � � § Æ ������l
Ô�Ô � q | o g qU¥�¦ � o �sw ¥�¦>¦9q w�� ¥�¦9� ��g�� � q � �U� ¥>��o � o�¥ g � ¥ g o � ¥�¦9������ } � ¥ g o � ¥�¦ � p h��~��j�l
w n } n Ý o w�Ý q�¦ � p h��~��j�l
w��~} �>Ý o w�Ý q�¦ � p h��~��j�l
Ô�Ô ��q {�� q g9w q � q w p � ¦ ��� o�¥ g�l
w�� �>� � � } ��q {>� q g9w q � ¦9q | q�¦ h9w q g�� ¦9q � p h�w o�¦ w�� � l
� �9� ¦ �9à � �>w n9o g q } � � ¦ Ý q�¦ �*���Ùhi��l
Ô�ÔvÇ n9o�� � q | o g q�� Ø�Ê�Æ w q>p�p � ¦9q � q ��� Ê>Î�Æ�Ö�Ö � o � q��Ô�Ô � ¥ ¤ q �Ù� n9q |�� p�p � ��w n�o g qÔ�Ô Ë�Ï�Ë n � � � � q g�� o g>¤ � ��¤�g q � � � q�¦ w q�p�p

gihkj9l
m�n9o�p>qsr gutvg9w q�p�p�x j�yUzÔ�Ô n9q�¦9qvm9q w�� p�p � n9q � �>w ¦9¥ �vw q�p�p g�� ��� q�¦ g o>� � ¦ ¤�� � q g>�Ô�Ô ��g��Ù� ��q �Ù| ¥�¦ g�� �>� q�¦9o g>¤è� n9qÙq�p�q � q g�� �

q ¨ q w o g � � r ï g���g�� p w q�p>p � p {��������9y9l�
q g���à � ��w n�o g q } � � ¦ Ý q�¦ ���>h9w o�¦ w�� � l
q g�� ��q {�� q g9w q l

10.4.2 MAD-X dir ectives
Ç9É�Ç>Ö�Æ � � h�á Ã>Ä�Ò � × � q�� ��á�l
Ô�ÔvÐ q ��� o g � ���U| o�p�qvm9o � n � �>w n9o g q � q>� w ¦9o � � o�¥ gÔ�ÔvÇ n9o�� � ��w n9o g qUo�� w ¥ g � � ¦ �9w�� q � m9o � n � �>w ¦9¥Ô�Ô � � � ¦�¥ ��� o g q É�Ê Ë Ç r y
w�� p>p | o�p�q h�â � � � � �>w�� ��q {�â�l
¥ � � o�¥ g���� q w n9¥ l
Ô�ÔvÒ q | o g q � n9q � q � � | ¥�¦ � n9q � ��w n�o g qã q � � � � � ¦ � o w p�q h � ¦9¥ � ¥ g�� �>q {�� q g�w q h9w�� ��� � � � q g q�¦ ¤>©Ùh � ���Á�:��l

28



Ô�ÔvÍ ��q � n9qÙ��q {�� q g9w qäm9o � n � n9q g�� � q }?w�� �>� � �
� ��q � �>q {�� q g�w q h9w�� ��� � � l
q�¥ � � o�¥ g���������h�|�� p���q � ��q�q ��h � � � §�j>j�����l
��q�p>q w�����| p ��¤�h q�¦�¦9¥�¦ � � ����� q�¦ g�h�â�{Á���9â>l
q � p>o ¤�g����>¨~}:h���¤���� ���9r�� �:�9y��>j��:� q � � ���>©Á}:h��¹¤9��� �¹�9r�� �3�9y����W�:� q � � l
q � ¦�o g���l
Ô�ÔvÒ q | o g q � n9q ��© � q ��g��s� � ¥ �>g�� ¥ | ¥ ��� � ���
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h � ¥ g o � ¥�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � q ��¨�l
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h>��Ý o w�Ý q�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � q ��¨�l
��q�p>q w�����| p ��¤�h�� m9o���� ��w p � ��� h n Ý o w�Ý q�¦ ��w ¥�p � � g�h¹g9� � q � � ��¨�� � q ��¨�l
Ô�ÔvÆ ¨ q w���� q � n9q Ç m9o��>� w ¥ ��� ��g>�Ù� ¥ w�� p w�� p ��� q � n9q Ç m9o���� � � ¦ � � q � q�¦9�Ô�ÔvÎ ¥ ��� ��� q ���Ù� n9q w q g�� ¦�qÙ¥ |i� n�qiq�p>q � q g��ð��g>� m�¦�o � q � ¥ }�� m9o��>� � ¥ ���
� m9o>��� � � ��� q ��w q g�� ¦9q ��| o�p�q h>� m9o��>� � ¥ �>��l
� � ¥ � l

10.4.3 TWISS summary table

x�x�x>x�x�x �9� � p>q } � � ���
p>q g�¤�� n ¥�¦ � o ��� � p |�� ¤9� ��� ��� ¦

� � � j��>������� q�x � � ���~�:�����>������� q�x ��� j�� � ��� ��� � �9q ��� � �~� ���>��� � � � q�x �9j
{�j ��{�j � q ��¨ � ��¨ ��¨ � ��¨

�~� � ���>������� q�x �9j �>j��:�����>§ ��� � q ��� � j��:�����>����� �9q�x ��� �~� � � ��� j���� q�x ���
��¨ ¦ � � ¨�w ¥ � ��¨ ¨�w ¥�¦ � � {>�

j�� ����� j���� �9q�x ��� � ��j�� � ������� q ��� � j��:� � � � j � § q ��� � �~� ��� �����9j ��q�x �9j
��{�� � q ��© � ��¨ ��© � ��¨ ��© ¦ � �

���Á��j�� ���>� ��§ q ��� � j��:��§��>§�§��9j q�x ��� � �:� ���>� § ���9q ���9j j��:� � ��§����9j q ���9j
©�w ¥ � ��¨ ©�w ¥�¦ � � � q�p �9� �

�~� ����� j �����9q ��� � �~�:��§��>§�� ���9q ��� � �~�:�����>������� q�x ���
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10.4.4 TWISS lattice functions
ë Ê�Ä�Ã�Æ ì ��� � â Ç>Õ9É Ë�Ë�âë Ç�í Ï Æ ì ��� � â Ç>Õ9É Ë�Ë�âë Ë Æ9Ì�Í�Æ>Ê�Î�Æ ì � �9� â Î>Ä Ë�Ë�Ï�Ë�âë Ï Ä�Ð�Ç9É�Î�Ö�Æ ì � �9� â�Ï Ð�Ø�Ç�Ø�Ê âë Ã�Ä Ë�Ë ì p�q �~� �>� ����§9j ��� �ë Î�È�Ä�Ð�Ó>Æ ì p�q jë Æ�Ê�Æ�Ð�Ó>í ì p�q � ���ë Ï Î ì p�q �>��� � ���>� ���9j��>��§ë Ó�Ä�Ã�Ã�Ä ì p�q � § � � � �>��� � ��� � jë Å�ã�Í�Ê�Î>È ì p�q jë ã�Î�Í�Ð�Ð>Æ�Ê�Ç ì p�q �ë Ë É�Ó�Æ ì p�q �ë Ë É�Ó�Ç ì p�q �ë Ê Ï Ä�Ð�Ç ì p�q �ë Æ�× ì p�q jë Æ�í ì p�q jë Æ�Ç ì p�q jë Ö�Æ�Ê�Ó�Ç>È ì p�q ��� j��ë Ä�Ö�î�Ä ì p�q �~�:���9j � ��� ��� � � � � j �ë Ø�Ð�ã9É�Ç � ì p�q ���ë Ó�Ä�Ã�Ã�Ä>Ç�Ð ì p�q � � � ����� � � � ��� �9jë Ì j ì p�q � � �:�����>����� ��� §9jë Ì � ì p�q � � � � ���>�9j���§9j � �ë Ò9Ì j ì p�q ���Á�:�����9j�������§ �>� � ����� �ë Ò9Ì � ì p�q ���Á�:��������j�� ����� ��§ ����� §ë Ò�×�Ã�Ä�× ì p�q �~� � � ��� j�� ��� �ë Ò�í�Ã�Ä�× ì p�q �~� � � ����� § ��� ���>� �ë ×�Î�Ø�Ã�Ä>× ì p�q �~�:��� � j�� � ���>��� ��� ��jë í�Î�Ø�Ã�Ä>× ì p�q �~�:���>� ����� j ����� � �>�ë ã�Æ�Ç�×�Ã>Ä�× ì p�q j����~�:���>��� ��� ��j��ë ã�Æ�Ç�í�Ã>Ä�× ì p�q j���§~�:��§>§��9j���� � jë ×�Î�Ø�Ð�Ã Ë ì p�q �~�:���9j�� � � � j � §���§�§>�ë í�Î�Ø�Ð�Ã Ë ì p�q �~�:���>����§���§>� ��� j � �ë Ò�×�Ð�Ã Ë ì p�q j�� ����� j���� � � � � �ë Ò�í�Ð�Ã Ë ì p�q �~��j�� � ��§>����� � ��j �ë Ò�Æ�Ö�Ç�Ä Ï ì p�q �ë Ç9É�Ç�Ö�Æ ì �9j � â � âë Ø�Ð9É�Ó9É�Ê ì j �9� â Ã>Ä�Ò � × j���j�j Ö o g���¨�âë Ò�Ä�Ç�Æ ì ��� � â�� � Ô j�� Ô � � âë Ç9É�Ã�Æ ì ��� � â�j��~�:� � � ��� â
� Ê�Ä�Ã�Æ Ë × ã�Æ�Ç>×ï ì � ì p�q ì p>q ì p�q
â Î>È j9â � � ��� ��� §~�Û��§������ ����� � q ����� ��� �Û§9j��9j � ��� �
â ã Ï Ã�È j9â � �:§ � ��� §~�Û��§ ��� §>§9j���� q ����� ��� �Û� ��� j �>�����
â Î>Ú j9â �>� � ��� �>� ���Á�:����� � � � §�� � ��§ � ���~��j � § � j � ��§
â ã Ï Ã�Ú j9â �>� �:§ � �>� ���Á�:����� � j ��� ���>§ � �9j ���~�Û� ��� � �>� ���
â Î>È ��â � �~� ��� �>� ���Á�:���9j � j � §�§ � � ��� ��� � � ����� �>��� §
â ã Ï Ã�È ��â � �~�:§ � �>� ���Á�:���9j � j ������� ��� � ��� ��j����9j��>§����
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â Î>Ú ��â j����~� ��� ��� ���Á�:����� � ��� ��� �>��� � � ���~�Û����� � �>§ ���
â ã Ï Ã�Ú ��â j����~�:§ � ��� ���Á�:����� � ��� � § � � ��� � ���~� ��� ������j�j �
â Î>È � â j � �~� ��� ��� ���Á�:����� � §��������>�9j ��� ��� � ��� ����� ��� �
â ã Ï Ã�È � â j � �~�:§ � ��� ���Á�:����� �>� §������>§�§ ��� ��� �Û� ������� �9j��
â Î>Ú � â j ��� � ��� ��� �~�Û������� � ��� � �9j � � � ���~��j�j��9j � §�� �
â ã Ï Ã�Ú � â j ��� �:§ � ��� �~�Û������� � � � �9j�§ ��� � ���~�Û� ��� § �>� �9j
â Î>È � â j ��� � ��� ��� �~�Û���9j�j��>§ ��� �9j ��� ��� � ������� � � �
â ã Ï Ã�È � â j ��� �:§ � ��� �~�Û���9j�j�� � §�� ���>��� ��� �Û�9j ��� �>� ���
â Î>Ú � â �>���~� ��� ��� �~�Û����� � § ����� j��>�9j ���~�Û��� � ��� � ���
â ã Ï Ã�Ú � â �>���~�:§ � ��� �~�Û����� � §>��� � ���>��� � ���~�Û�9j�j�j�§�j�� �
â Î>È ��â � � �~� ��� ��� j�� � j�§ � § � j � § q ����� ��� �Û§9j ��� �>� ���
â ã Ï Ã�È ��â � � �~�:§ � ��� j��Û� ��� §��>� � �9j q ����� ��� �Û� � ��§�§ � j��
â Î>Ú ��â � � �~� ��� ��� ���Á�:������� � j � ��� � ��§�� ���~��j���� ��� j��
â ã Ï Ã�Ú ��â � � �~�:§ � ��� ���Á�:������� ����� §�� ��� j � ���~� � � � j�� � �9j
â Î>È � â � � � � ��� ��� ���Á�:����� � j � j��9j���� ��� ��� � � � � §�� � ���
â ã Ï Ã�È � â � � � �:§ � ��� ���Á�:����� � j�j��9j �>� j�§ � ��� ��j�§���� �>� � �
â Î>Ú � â � � � � ��� ��� ���Á�:����� � §��9j�� � � � j�� ���~��j � � � �>� �
â ã Ï Ã�Ú � â � � � �:§ � ��� ���Á�:����� � §�� ��� � ������� ���~�Û��§����9j��9j �
â Î>È §�â � ���~� ��� ��� ���Á�:����� � � ����� � ������� ��� � � §�§ ���>��� �
â ã Ï Ã�È §�â � ���~�:§ � ��� ���Á�:����� � � � �9j � j��9j�� ��� �Û��� � § �>�����
â Î>Ú §�â � ���~� ��� ��� �~�Û����� � j�� ����� j ����� ���~��j ����� §�j ���
â ã Ï Ã�Ú §�â � ���~�:§ � ��� �~�Û����� � �>��� � ����j � � ���~�Û� ����� j ��� j
â Î>È ��â � ���~� ��� ��� �~�Û���9j � j � ���9j���j�� ��� � ��� §9j �>�����
â ã Ï Ã�È ��â � ���~�:§ � ��� �~�Û���9j � j�§ � ��� � � � ��� �Û� ��� � �>� �
â Î>Ú ��â � � � � ��� ��� �~�Û������� �>������� §>� � � ���~�Û�9j�� � j � j
â ã Ï Ã�Ú ��â � � � �:§ � ��� �~�Û������� � j � � � � � j � ���~��j ��� § � § ���
â Î>È � â ��j � � ��� ��� �~�Û���9j���§ ��� §�§�§ � ��� �Û§�� � ���>���9j
â ã Ï Ã�È � â ��j � �:§ � ��� �~�Û���9j�� �>��� j ���>� § ��� �Û��§������>§ � �
â Î>Ú � â � � �~� ��� ��� ���Á�:�����9j�� �������>� ��� � ���~��j � § ��� j ���
â ã Ï Ã�Ú � â � � �~�:§ � ��� ���Á�:�����9j � ��� ��� ���9j � ���~�Û� ��� � � j��9j
â Î>È j���â �>���~� ��� ��� ���Á�:���9j �>� ��� � � � � � ��� � ��� ��� � § � j
â ã Ï Ã�È j���â �>���~�:§ � ��� ���Á�:���9j �>��� � � ��j�§�� ��� ��j�������� � � �
â Î>Ú j���â � j��~� ��� ��� ���Á�:���9j�j ������� �>��� � ���~�Û�9j���� �>� �9j
â ã Ï Ã�Ú j���â � j��~�:§ � ��� ���Á�:���9j�j � § � � � � � § ���~� ��� § � j �����
â Î>È j�j9â �>��� � ��� ��� ���Á�:���9j�� � j�§���� � � � ��� � � ��§ � §>� � j
â ã Ï Ã�È j�j�â �>��� �:§ � ��� ���Á�:���9j��>����§���� � ��� ��� ��j�� ����� j � �
â Î>Ú j�j9â � § � � ��� ��� �~� � ���9j �>��� §9j q ����� ���~��j�� ��� §>� � §
â ã Ï Ã�Ú j�j�â � § � �:§ � ��� � ��j ��� ����j���� �9q ����� ���~� � j�j ���>� § �
â Î>È j���â §>���~� ��� ��� �~�Û���9j � � � §9j�� �>� � ��� �Û§�� ����� j
â ã Ï Ã�È j���â §>���~�:§ � ��� �~�Û���9j � � � �9j�� �>� § ��� �Û��§9j���� � � �
â Î>Ú j���â § � �~� ��� ��� �~�Û���9j�� � j � §9j�� � �9j�� � ��� ��� � ���
â ã Ï Ã�Ú j���â § � �~�:§ � ��� �~�Û���9j�� �>��� ��§�§>� � ���~��j�� � � � ��� �
â Î>È j � â §>§��~� ��� ��� �~�Û���9j ���>� ��§�§�� ��� ��� �Û§ � � � �>��� �
���������>���
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